Sleep is characterized by unique patterns of cortical activity alternating between the stages of slow-wave sleep (SWS) and rapid-eye movement (REM) sleep. How these patterns relate to the balanced activity of excitatory pyramidal cells and inhibitory interneurons in cortical circuits is unknown. We investigated cortical network activity during wakefulness, SWS, and REM sleep globally and locally using in vivo calcium imaging in mice. Wide-field imaging revealed a reduction in pyramidal cell activity during SWS compared with wakefulness and, unexpectedly, a further profound reduction in activity during REM sleep. Two-photon imaging on local circuits showed that this suppression of activity during REM sleep was accompanied by activation of parvalbumin (PV)+ interneurons, but not of somatostatin (SOM)+ interneurons. PV+ interneurons most active during wakefulness were also most active during REM sleep. Our results reveal a sleep-stage-specific regulation of the cortical excitation/inhibition balance, with PV+ interneurons conveying maximum inhibition during REM sleep, which might help shape memories in these networks.
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In Brief
Niethard et al. show that REM sleep is associated with a global suppression of cortical neural activity, which is accompanied by a specific activation of parvalbumin-positive inhibitory interneurons.
INTRODUCTION
Sleep induces specific activity patterns in brain and neocortex. These patterns alternate in a clearly distinguishable manner, as measured by electroencephalogram (EEG), between the stages of slow-wave sleep (SWS) and rapid-eye movement (REM) sleep. Whereas SWS, which is characterized by highamplitude, low-frequency (0.5-4 Hz) EEG activity, is a state of generally reduced cortical activity, REM sleep with dominant theta activity (4) (5) (6) (7) (8) (9) (10) (11) is considered an active state of sleep accompanied by enhanced cortical neural activity [1, 2] . Consequently, these two sleep stages have been associated with quite different ways in which information is processed in the cortex [3] [4] [5] . However, it is not clear how the two sleep stages influence network activity in cortical circuits to ultimately emboss a stage-specific mode of information processing.
The activity in cortical networks is mediated through the local circuits that constitute the network and are composed of excitatory pyramidal cells and inhibitory interneurons. Cortical interneurons can be classified into diverse subtypes based on molecular, structural, and electrophysiological properties [6] , and each of these subtypes has been associated with distinct functional roles in brain-state-dependent cortical information processing [7] [8] [9] . For example, specific subtypes of interneurons modulate processing of cortical information during wakefulness, depending on whether the animal is in an active state (whisking and running) or in a quiet state with each state linked to specific changes in the excitation/inhibition balance of the local circuits [10] [11] [12] [13] . Thus, the investigation of how specific subtypes of interneurons contribute to the excitation/inhibition balance appears to be likewise a critical step toward an understanding of how brain states like SWS and REM sleep shape the processing of information in cortical networks.
In this study, we investigated the activity of cortical circuits during spontaneous wakefulness, SWS, and REM sleep using in vivo calcium imaging. Using wide-field calcium imaging, we found that SWS is associated with a global reduction in pyramidal cell activity. Surprisingly, during REM sleep, this global reduction in network activity was even more profound. Using specific Cre-mouse lines, we then examined activity of parvalbumin-positive and somatostatin-positive interneurons (PV-INs and SOM-INs). We found that the reduced cortical activity during REM sleep is accompanied by the activation of PV-INs, but not of SOM-INs. We conclude that, during REM sleep, PV-INs mediate a distinct shift in the excitation/inhibition balance of cortical network activity toward an enhanced inhibitory control of information processing.
RESULTS
We first investigated how sleep influences the global cortical network activity using wide-field calcium imaging ( Figure 1 ). This imaging method can monitor neural activity with high sensitivity over a large portion of the cerebral cortex [14, 15] . We performed the calcium imaging, covering almost the entire dorsal cortical surface of transgenic mice expressing genetically encoded calcium indicator (GCaMP6f) in the majority of cortical pyramidal neurons across all layers (CaMKII-GCaMP6f; Figure 1B) . High-speed imaging ($60 frames/s) revealed spontaneous changes of the normalized fluorescence signal (F norm ) that corresponded to local population activity (Movie S1) [14] .
Simultaneously, the EEG and electromyogram (EMG) were recorded to classify sleep stages (wake, SWS, and REM sleep) [16, 17] . We found that sleep stages were consistently associated with changes in population activity; i.e., F norm was largest when the mouse was awake, lower during SWS, and lowest when the animal was in REM sleep (p < 0.001 for all pairwise comparisons of mean F norm during each stage). Especially, REM sleep was typically identifiable based on fluorescence traces alone ( Figures 1C and S1 ). The sleep-stage-dependent change in activity held over the entire imaging area encompassing parietal and occipital cortices (p < 0.001 for all pairwise comparisons between sleep stages and all 16 subregions; Figures  1D, 1E , and S1; n = 6 mice). These sleep-stage-induced changes were further confirmed in mice that expressed GCaMP6f in sensorimotor, barrel, and visual cortices by viral injection (AAVsyn-GCaMP6f). Simultaneous imaging and standard sleep recordings in these animals revealed the fluorescence signal to be similarly reduced to a minimum during REM sleep in the three cortical areas (p < 0.001 for all pairwise comparisons between brain states and for all three areas; Figure S2 ; n = 6 mice).
The low activity during REM sleep was unexpected, given that REM sleep is considered an active sleep stage with increased neural firing [18, 19] . In order to distinguish whether this reduction in activity originated from neurons in the supra-granular (superfi- cial) layers or from deeper infra-granular layers, we injected a virus that expresses GCaMP6f (AAV2.1-syn-GCaMP6f) locally to superficial layers and deep layers of the sensorimotor cortex, respectively ( Figure 2 ). Injection into superficial layers resulted in the labeling of neurons in both superficial layers together with smaller numbers of neurons labeled in deep layers. The injection of virus into deep layers, on the other hand, resulted in an expression confined to the deep layers. This is presumably because the virus in the superficial layers infects layer V neurons via the apical dendrites, whereas the dendritic arbors of layer II/III neurons do not penetrate into the deep layers (e.g., [20] ). In both injection conditions, the fluorescence signal was easily detectable from the cortical surface ( Figures 2B and 2F) , and the fluorescence signal (F norm ) exhibited distinct changes depending on the brain state ( Figures 2C and 2G ). In both injection conditions, activity was lowest during REM sleep (p < 0.001 for all pairwise comparisons with the mean F norm during wake and SWS; Figures 2D and 2H; n = 3 mice for both experiments). During SWS, activity in most cases was at an intermediate level (p < 0.001 compared to activity during wake). These experiments suggest that activity during REM sleep is minimal in both superficial and deep cortical layers.
In order to further clarify, in particular, the unexpected finding of strongly reduced activity across cortical layers during REM sleep, we examined activity of local circuits using in vivo twophoton calcium imaging (Figure 3 ) [21] [22] [23] . In these experiments, we focused on the activity of different classes of interneurons, PV-INs and SOM-INs. For this goal, a mixture of two types of viruses was injected into the sensorimotor cortex of PV-Cre or SOM-Cre transgenic mice: a virus that expresses a genetically encoded calcium indicator (GCaMP6f) pan-neuronally (AAVsyn-GCaMP6f) [24] and a virus expressing tdTomato in a Cre-dependent manner (AAV-FLEX-tdTomato). At the time of imaging, GCaMP6f was expressed in most neurons within $200 mm around the injection sites ( Figures 3B and 3C ), whereas tdTomato was expressed selectively in the specific types of interneurons in the same area ( Figures 3B and 3C ). This allowed us to investigate activity of the specific interneurons simulta- neously with that of surrounding unlabeled neurons. The surrounding neurons that do not express tdTomato can be assumed to comprise a substantial number of pyramidal cells, although they likely include also other types of interneurons, particularly in superficial cortex layers [25, 26] . Most of the PV-IN, SOM-IN, and unlabeled cells showed spontaneous fluorescence changes that corresponded to spontaneous action potentials (Figure 3D ; Movie S2) [21] . When a neuron showed DF/F greater than the mean +2 SD signal during a sliding 6-min window, the neuron was considered to be active at the time of the respective 169-ms imaging frame (frame rate 5.92 Hz; see Experimental Procedures). We quantified the activity of individual neurons using either the frequency of the active frames or the DF/F, with both procedures yielding essentially the same results ( Figure S3 ).
The sleep stages affected the frequency of the spontaneous activity in a cell-type-specific fashion. For unlabeled cells, the frequency of active neurons was highest during the wake state, lower during SWS (p < 0.001), and lowest during REM sleep (p < 0.001 for pairwise comparisons of mean activity across the cells; n = 2,042; Figures 4A and 4B ), mirroring progressive decrease across the sleep stages, which we observed for pyramidal cells in our wide-field imaging experiments (Figures 1 and 2) . Of the interneurons, PV-INs also showed highest activity during the wake state and lower activity during SWS (p < 0.001). However, during REM sleep, activity increased again to levels only slightly lower than those during wakefulness (p < 0.001 for comparison with SWS; p < 0.05 for comparison with wake; n = 211; Figure 4 ; see also Figure S4 ). This increase in the mean activity during REM sleep appeared to be due to a subset of interneurons that exhibited quite high activity. In contrast, SOM-INs displayed a pattern of activity similar to that of pyramidal cells, with highest activity during wake, lower activity during SWS (p < 0.001), and lowest activity during REM sleep (p < 0.001; n = 117; Figure 4 ). These data demonstrate the specific activation of PV-INs during REM sleep, which is accompanied by the suppression of both pyramidal neural and SOM-IN activity, which suggests that the shift in the overall excitation/inhibition balance toward predominant inhibition during REM sleep is conveyed by a subset of REM sleep-active PV-INs.
Our data appear to be at odds with past studies using extracellular unit recordings, showing that cortical activity is enhanced during REM sleep compared to SWS [18, 19, 27, 28]. We suspected that the discrepancy might be due to the selection bias inherent to extracellular unit recording, i.e., neurons that are active during the wake period might be more likely to be selected for extracellular recordings and only those neurons might also show higher activity during REM sleep than SWS. To test this possibility, we examined the relationship between the activity a neuron showed during the wake stage and the difference in activity between REM sleep and SWS (REM À SWS). Indeed, these two values were positively correlated in all three types of neurons (pyramidal, r = 0.20, p < 0.001; PV-INs, r = 0.35, p < 0.001; SOM-INs, r = 0.25, p < 0.01; Figures 5A-5C ). The effect of wake activity was further demonstrated by analyzing subsets of neurons with high activity during the wake state. The pyramidal cells with wake activity within the top 20% showed similar activity during SWS and REM (n = 408; p > 0.05; Figure 5A , middle), and those within the top 5% were even more active during REM sleep than SWS (n = 102; p < 0.05; Figure 5A , right). This relationship was even more pronounced for PV-INs, i.e., PV-INs with high wake activity were substantially more active during REM sleep compared to SWS (n = 42, p < 0.001 for the top 20%; n = 11, p < 0.001 for the top 5%; Figure 5B ). SOM-INs with wake activity within the top 20% showed lower activity during REM sleep than SWS (n = 24; p < 0.05 for the top 20%), but those few within the top 5% exhibited similar activity in the two sleep stages (n = 6; p > 0.3 for the top 5%; Figure 5C ). Overall, these data indicate that the neurons with higher activity during wake also show higher activity during REM sleep, compared to SWS. The analysis not only reconciles the discrepancy between previous studies based on electrophysiological recordings of unit activity and the current findings but also provides further support to the view that the high activity of PV-INs during REM sleep mainly originates from a subset of neurons that were also active during the wake period.
The increased PV-IN activity together with decreased activity of unlabeled cells and of identified pyramidal cell activity in our wide field imaging data suggests that the network excitatory/ inhibitory balance shifts during REM sleep toward maximum network inhibition. We used the ratio between the proportion of active PV-INs and the sum of the proportion of active PV- Table S1 .
SWS (0.52 ± 0.01), and highest during wake (0.53 ± 0.01; p < 0.006 for all pairwise comparison). In a more-fine-grained analysis accounting for the temporal dynamics in activity patterns, we correlated across imaging frames the proportion of active unlabeled cells with that of active PV-INs, or active SOM-INs, separately for the wake, SWS, and REM sleep epochs of each imaging session ( Figure 6 ). During wake periods, whenever a larger portion of PV-INs or SOM-INs was active, this was accompanied also by an enhanced proportion of active unlabeled cells in the same frame, resulting in maximum correlations of activation. This co-activation was slightly diminished in SWS but reached a distinct minimum during REM sleep, where, in a substantial number of frames, inhibitory cell activity occurred in the absence of activity in unlabeled cells. This finding was not a result of the overall lower firing rates during REM sleep because rank correlations coefficients calculated separately for the 20% most-active putative pyramidal cells during REM, which showed the same trend of significantly reduced correlations during SWS compared with wakefulness and even lower correlations during REM. These data indicate that, whereas PV-INs and SOM-INs tend to be co-activated with pyramidal cells during wake, during sleep, and in particular during REM sleep, activity of inhibitory and excitatory cells becomes dissociated. Right panels: mean ± SEM activity during wake, SWS, and REM sleep is shown for a cell subset whose activity during wake was within the top 20% and top 5%, respectively (black), compared with activity of the remaining cells of the respective type (gray). Note that wake active cells display relatively enhanced activity also during REM sleep, which is most apparent for PV-INs. See also Figure S3 and Table S1 .
DISCUSSION
It is well-established that wake and sleep states manifest themselves in distinct patterns of cortical activity. However, it is not clear how these states modulate cortical activity, at the global level or at the fine-scale circuitry level, to regulate the network's excitation/inhibition balance and the processing of information in local circuits. In the current study, we addressed this question using wide-field calcium imaging and in vivo two-photon calcium imaging. Wide-field imaging revealed that the global cortical activity decreases from wakefulness to SWS and, surprisingly, further decreased from SWS to REM sleep, with these dynamics being independent of the cortical area. Two-photon imaging indicated that the reduced global cortical activity was accompanied by reduced activity in the majority of the pyramidal cells and increased activity of PVINs, but not of SOM-INs, pointing to a crucial role of PV-INs in mediating the global reduction of activity during REM sleep. The PV-INs with the highest activity during wakefulness also showed highest activity during REM sleep, and the same relationship was observed for pyramidal cells and SOM-INs, although less pronounced. These modulations of neural activity produce changes in the excitation/inhibition balance in the cortical circuits, with REM sleep hallmarked by a shift toward predominant inhibition in cortical networks. Thus, our findings provide novel insights into the framing conditions of cortical information processing during the different stages of sleep.
The global decrease in cortical activity during SWS well fits with findings from electrophysiological recordings and might originate from the slow oscillation, which hallmarks SWS and which imposes periods of neural silence and disfacilitation (down states) interleaving with periods of wake-like enhanced activity [1] . However, the overall reduced cortical activity during REM sleep was unexpected and stands in contrast with the general view that REM sleep is an active phase of sleep with intense cortical activity. In the EEG, REM sleep is characterized by low-amplitude, high-frequency activity similar to that during the vigilant states of wakefulness, although the EEG signal primarily reflects synchrony of membrane potential changes rather than levels of neural firing activity. Indeed, early studies of cortical activity using extracellular unit recording also reported higher cortical activity during REM sleep compared to SWS in both monkeys and cats [18, 19] . Intracellular electrophysiological recordings in cats revealed that all cells, including regularly spiking and fast spiking neurons, fire tonically at high rates during REM sleep as high as during wakefulness [1] . More-recent studies in rodents confirmed that cortical activity during REM was equal to or higher, but not lower, than that during SWS [27, 29] . The discrepancy between our findings and these previous studies is difficult to explain. It might partly reflect difference in the species investigated or differences in the cortical regions as they were revealed in human studies using fMRI and positron emission tomography (PET) [30] [31] [32] . The latter is, however, unlikely because we observed the suppression of activity during REM sleep uniformly in a large portion of the cortex. Also, layer-specific changes might contribute to this discrepancy, because most electrophysiological recordings of single-unit activity were performed from layer V, whereas the present calcium imaging concentrated on layer II/III cells, although also activity of neurons in deeper layers was assessed, with the same result ( Figure 2 ). Another factor to be considered here is the low frame rate of calcium imaging that results in under-sampling, in particular of activity of fast-spiking neurons. The slow sampling rate makes this approach less sensitive to changes in the pattern of neuronal activity that might be even more characteristic for the different sleep stages. Nevertheless, calcium imaging, as performed here, allows for the reliable assessment of general levels of activity in different subtypes of neurons (see Figure 3) [24] . Indeed, we confirmed our results using DF/F values (see Figure S3) where multiple spiking in one frame expresses itself in an accumulated light signal. Also, such under-sampling cannot explain a generally reduced excitatory activity that is specific to REM sleep. We rather think the discrepancy between our and previous electrophysiological studies might derive from the biased sampling of the extracellular unit recordings against neurons with low activity [33] . By selecting a subset of neurons with high activity during wakefulness, we observed that these neurons, pyramidal cells as well as PV-INs, exhibited larger activity during REM sleep compared to SWS, consistent with the earlier electrophysiological studies. Still, for firm conclusions regarding the discrepancy between the present calcium imaging data and previous data from electrophysiological recordings, approaches combining simultaneous recordings of both types of activity may be necessary. Interestingly, our data concur with recent findings that employed gene expression analysis, which has less sampling bias compared to extracellular unit Table S1. recordings, revealing that, during REM sleep, only a small portion of cortical neurons are active [34] . Taken together, our presumably more-representative sampling of cortical cells based on in vivo calcium imaging demonstrates that REM sleep is not associated with intense cortical activity but is a period of prevalent suppression of neural activity where a subset of neurons with high activity during the wake period is reactivated. The reduced activity of pyramidal neurons during REM sleep was accompanied by an increased activity of PV-INs, but not SOM-INs, which identifies PV-INs as a likely source of cells driving the suppression of cortical activity during REM sleep. This raises the question of the input origin for the increased PV-IN activity. In general, PV-INs receive strong excitatory inputs with high probability from the nearby pyramidal cells [25, 35, 36] . Through these synaptic inputs, PV-INs integrate the activity of surrounding pyramidal neurons [7, 25, 37, 38] , which is considered to be critical in balancing excitation and inhibition in the local circuits [10, 39] . Our data are consistent with this scheme during wake, where PV-INs were tightly co-activated with pyramidal cells. However, during sleep and in particular during REM sleep, this coupling was distinctly decreased and the correlation between PV-INs and pyramidal cell activity was lowered, indicating that here PV-INs do not simply follow the excitatory activity in the local circuits. Instead, during REM sleep, PV-INs are likely to be influenced more strongly by long-range inputs. This could be, for example, long-range inputs from sleep-related areas, such as basal forebrain [40, 41] . However, our data (Figures 5E and 5F) also provide evidence that such long-range inhibitory control over cortical networks is conveyed by only a distinct subset of PV-INs that display high activity also during wakefulness. Whether this subset corresponds to basket cells or other inhibitory cells known to be involved in the regulation of REM sleep activity cannot be said [42] . However, the pattern tempts the speculation that networks involved in specific information processing during waking contribute to this suppression by gating the long-range activation of PV-INs in select networks. Although our data strongly suggest that reduced excitatory pyramidal cell activity is a consequence of increased activity of PV-INs, and although it is well established that PV-IN activation mediates a reduction in cortical activity and inhibition of pyramidal neurons (e.g., [43, 44] ), we emphasize that firm conclusions about causal relationships can be drawn only on the basis of direct manipulations of a subset of PV-IN. In fact, stimulation of PV-INs can result in signs of increased cortical activity (e.g., increased gamma oscillations) [44, 45] , and how subgroups of PV-INs might generally reduce activity in large cortical networks is currently unclear.
Note also activation of SOM-INs and pyramidal cells is more dissociated during REM sleep compared with the other two brain states ( Figure 6 ). However, considering that SOM-INs, unlike PV-INs, exhibit a general decrease rather than increase in activity during REM sleep, we suppose this dissociation to be an immediate consequence of the locally changed balance between PV-INs and pyramidal cells during this sleep stage rather than a response of SOM-INs to long-range inputs.
It can be questioned that the activity of unlabeled cells in our two-photon experiments reflected pyramidal cell activity. Indeed, there are probably other interneurons among these cells, the proportion of which is negligible (<10%) in deeper cortical layers but can be substantial in superficial layers [25, 26] . Still, the majority of interneurons in cortical layers II/III are PV-IN and SOM-IN cells, which we labeled in these experiments. Importantly, the profound decrease in activity across sleep stages, and particularly during REM sleep, which we observed for unlabeled cells using two-photon imaging, was likewise revealed in our wide-field imaging experiments, where we used mice expressing GCaMP6f in CaMKII-positive cells, which are pyramidal cells. Thus, it appears justified to assume that, also in the two-photon imaging data, the strong REM sleep-associated decrease in activity of unlabeled cells reflected to a substantial degree pyramidal cell activity.
Although our two-photon imaging approach provides novel insights into the unique regulation of the excitation/inhibition balance in cortical circuitry during sleep, the findings are in need of further elaboration. First, although we excluded non-neural activity changes (e.g., in metabolic rate and blood flow) as primary source of the distinct suppression of excitatory activity during REM sleep ( Figure S1 ), the size of such possible confounds needs to be scrutinized. Second, we restricted recordings to the dorsal cortex surface, and network dynamics might be different if deeper cortex areas, such as the anterior cingulate and the retrosplenial cortex or the hippocampus, are considered [34] , although electrophysiological recordings of hippocampal activity in rats revealed a pattern (with narrow-spiking interneurons displaying strongly elevated firing in REM sleep) that seems quite consistent with the present results [46] . Third, activity patterns might also depend on the cortical layers. Although lower fluorescence level was observed during REM sleep also for neurons in deep layers, the fluorescence signals in Figures 2E-2H originated mainly from the dendritic tufts. Therefore, although unlikely, the possibility cannot be entirely ruled out that neurons in deep layers might act differently at the level of the somata [47, 48] . Fourth, we did not look at other types of interneurons that also add to the inhibitory control of cortical networks. However, in the neocortex, these cells are clearly outnumbered by PV-INs and SOM-INs, rendering unlikely that they substantially contribute to the global cortical excitation/inhibition balance.
In sum, the present calcium imaging studies revealed that cortical neural activity shows a progressive decrease from wakefulness to SWS to REM sleep, with the decrease during SWS and REM sleep likely mediated by entirely different mechanisms, i.e., states of neural silence and disfacilitation during the slow oscillation of SWS and increased activity of PV-INs in REM sleep, respectively. In fact, the present two-photon study is the first to identify REM sleep as a state of distinctly increased inhibitory activity in neocortical networks, to a level even exceeding inhibitory control during wakefulness. The function of such shift in the excitation/inhibition balance remains to be elucidated. It might generally prime the cortical network for synapse formation [49] , thereby supporting the formation of new neural circuits. Alternatively, rather than conveying a general priming influence on synapse formation, it may shape selective processing of distinct memory representations reactivated in these networks [50] .
EXPERIMENTAL PROCEDURES Animals and Surgery
All experimental procedures were approved by the University of Tü bingen and the local institutions in charge of animal welfare. CaMKII-Cre mice [51] crossed with Ai95 (RCL-GCaMP6f; Jax #024105) [52] and C57BL6/J were used for wide-field calcium imaging; PV-Cre mice [53] (Jax #008069) and SOM-Cre mice [54] (Jax #013044) were used for in vivo two-photon calcium imaging. The mice were housed in groups of up to five mice in temperature (22 C ± 2 C)-and humidity (45%-65%)-controlled cages. Experiments were performed during the light period of the 12 hr:12 hr light-dark cycle. Data collection in all mice started 1 hr after light onset of the 12 hr:12 hr light-dark cycle. All mice were male and older than 8 weeks. The mice were implanted with a headpost for subsequent experimentation. They were anesthetized with 0.1 mg/g ketamine and 0.008 mg/g xylazine with a supplement of isoflurane. Dexamethasone (0.08 mg) was sometimes administered to reduce tissue swelling. Lidocaine was applied to the wound margins for topical anesthesia. A custom-built headpost was glued to the skull and subsequently cemented with dental acrylic (Lang Dental).
The headpost implantation was followed by virus injection and window implantation. First, a craniotomy was made above the sensorimotor cortex (1.1 mm caudal and 1-1.3 mm lateral from the bregma). The size of the craniotomy was 1.2 3 2 mm for all experiments except for those shown in Figures 1  and S1 , where the craniotomy was larger (3 3 4 mm or 8 3 9 mm; see Figure S1) and covered the dorsal cortex. In the area of craniotomy, two viruses (AAV2/1-syn-GCaMP6f 2.96 3 10 12 genomes/mL and AAV2/1-Flex-tdTomato 1.48 3 10 11 genomes/mL) were injected at multiple sites (10-20 nL/site; 3-5 min/injection). For GFP control experiment (see Figure S5 ), the procedure was conducted in the same way, but just one virus (AAV2/1-EF1a-GFP) was injected. The depth of the injection was 130-300 mm, except for the experiments shown in Figures 2E-2H (depth; 700-900 mm). After the virus injection, two layers of coverglasses (1 mm 3 1.5 mm and 2.0 mm 3 2 mm, depending on the area of craniotomy) were implanted as an imaging window. The space between the imaging window and skull was sealed with 1.5%-2% agarose, and the window was cemented with dental acrylic. The electrodes for the EEG were implanted contralateral to the imaging window. First, the skull was exposed, and then two bone screws (PlasticOne) were implanted on the cortical surface (frontal electrode: anterior +1.5 mm, lateral 1.5 mm; parietal electrode: posterior À2.5 mm, lateral +2.5 mm from bregma). One silver wire (Science Products) was implanted on the brain surface (posterior 1 mm; lateral 0 mm from lambda) and served as reference. Additionally, two stainless steel wires (Science Products) were implanted into the neck muscle for EMG recordings. After surgery, the animals were single housed in their home cages, and calcium imaging was conducted after at least 10 days of recovery.
Head Fixation Procedure
After handling the animals 10 min per day for 1 week, the animal was habituated to the head fixation. Habituation consisted of four sessions with increasing fixation durations (30 s, 3 min, 10 min, and 30 min) interleaved by 10-min resting intervals. Habituation was conducted 24 hr prior to the first imaging session during the early light phase. The procedure was the same for all animals.
EEG and EMG Recordings
Sleep stages were identified based on EEG and EMG recordings during the imaging sessions. EEG and EMG signals were amplified, filtered (EEG: 0.01-300 Hz; EMG: 30-300 Hz), and sampled at a rate of 1,000 Hz (amplifier: model 15A54; Grass Technologies). Based on EEG/EMG signals for succeeding 10-s epochs, the brain state of the mouse was classified into wake, SWS, and REM sleep stages [16] . Sleep stage identification was supported using the software SleepSign for animals (Kissei Comtech).
Wide-Field Imaging
For wide-field calcium imaging, a charge-coupled device (CCD) camera (iXon X3 888; Andor Technology) was focused on the cortical surface using a macroscope (MVX-10; Olympus). The illumination light source was 470 nm lightemitting diodes (Thorlabs). The filter cube contained an excitation bandpass filter of 470/40 nm, a dichroic filter of 495 nm, and an emission bandpass filter of 525/50 nm. The zoom was adjusted to cover the entire window. The imaging frame consisted of 125 3 125 pixels, and the frame rate was 48.86-56.26 Hz (17.8-20.5 ms per frame). The precise timing of individual frames was saved as voltage pulse in the EEG recording system. To account for possible confounding influences on the fluorescence signal resulting from more-gradual changes in metabolic rate and blood flow, all subsequent analyses on wide-field imaging data were additionally performed after high-pass pre-filtering [55] the original data at 0.1 Hz. Here, we present, where relevant (i.e., regarding the effects of REM sleep), results from analyses after pre-filtering in addition to analyses of the original data (see Figures 1 and S5) .
Two-Photon Imaging
In vivo imaging was performed using a two-photon microscope based on the MOM system (Sutter) controlled by ScanImage software [56] . The light source was a pulsed Ti:sapphire laser (l = 980 nm; Chameleon; Coherent). Red and green fluorescence photons were collected with an objective lens (Nikon; 163; 0.80 numerical aperture [NA]), separated by a 565-nm dichroic mirror (Chroma; 565dcxr) and barrier filters (green: ET525/70 m-2p; red: ET605/70 m-2p), and measured using photomultiplier tubes (Hamamatsu Photonics; H10770PA-40). The imaging frame consisted of 1,024 3 256 pixels, and the frame rate was 5.92 Hz (169 ms per frame). Images were collected in layer II/III at a depth of 150-250 mm. All subsequent analyses were performed on the original data or after high-pass pre-filtering at 0.1 Hz to eliminate slower changes possibly originating from metabolic and blood flow changes. As both analyses yielded essentially the same results, and also because of the lower sensitivity to changes in blood flow of twophoton imaging, this report is restricted to analyses based on unfiltered two-photon imaging data.
Wide-Field Image Analysis
To define regions of interest (ROIs) for the imaging data from CaMKII-GCaMP6 mice, the area within the window was divided into 4 3 4 grids, resulting in 16 ROIs (Figure 1 ). For the data from virus-injected mice, a circle with ten pixels radius was drawn around each injection site (Figure 2 ). The precise location of ROIs did not affect the outcome. For each frame, the pixel values within an individual ROI were summed, and then this value was normalized by dividing by the 30 th percentile value of all frames within a ±3-min interval (F norm ). This normalization affects all frames within a 6-min interval in a constant way (see [57] for a similar procedure). Signals from all sleep stages were normalized in the same way. The mean F norm for wake, SWS, and REM sleep was calculated as the average F norm across all frames within the respective sleep stage. For statistical evaluation, the mean F norm was compared between the different sleep stages using a bootstrap-based algorithm [21] , where the distribution of differences in F norm values between sleep stages was established by randomly permutating the frames for a given sleep stage. Ten thousand iterations were performed, and the p value was determined by the proportion of iterations for which the difference was smaller (or larger) than zero.
Two-Photon Image Analysis
Lateral motion was corrected in two steps [58] . A cross-correlation-based image alignment (Turboreg) was performed, followed by a line-by-line correction using an algorithm based on a hidden-Markov model [59] . ROIs containing individual neurons were drawn manually, and the pixel values within each ROI were summed to estimate the fluorescence of this neuron. PV-INs and SOM-INs were manually detected by red fluorescence signal expressed by AAV2/1-Flex-tdtomato. The individual cell traces were calculated as the average pixel intensity within the ROIs for each frame. The cell traces were transformed into the percent signal change (DF/F), in which the baseline for each cell was defined as the 20 th percentile value of all frames within a ±3-min interval. We confirmed that the neuropil signal did not affect our results by performing neuropil subtraction ( Figure S3 ) [24, 37] . The neuropil signal was estimated for each ROI as the average pixel values within two pixels outside the ROI (excluding adjacent cells). The true signal was estimated as F(t) = F inROI À r 3 F roundROI , where r = 0.7. This procedure yielded essentially the same results (see Figure S3 ). The activity of individual neurons was quantified by either mean DF/F or the frequency of active frames that showed calcium events, with both approaches yielding essentially the same results. The frequency of active frames for an individual neuron was defined as follows: a neuron was considered active in a given frame if the DF/F value was more than two SDs above the mean in a sliding time window of ±3 min. The number of active frames was divided by the total number of frames in each sleep stage and then multiplied by the frame rate, such that the value represents frames per second. Statistical comparisons between sleep stages were based on the same bootstrap algorithm described above.
The network excitation/inhibition balance was quantified based on the proportion of active pyramidal cells to that of active PV-INs. The distribution of these two values (ranging between 0% and 100%) was calculated separately for wake, SWS, and REM sleep stages for each imaging session. Then, for each imaging session, after excluding the frames with no active cells, the Spearman rank correlation coefficients between the proportion of active pyramidal cells and that of PV-INs was calculated separately for wake, SWS, and REM sleep stages. Distributions of Fisher z-transformed correlation coefficients were compared between sleep stages using t test.
Generally, statistical analyses relied on bootstrapping for comparisons of repeated measures to test directed hypotheses. Only comparisons of inhibitory/excitatory balance and z-transformed correlations were done using t tests. No corrections for multiple comparisons were applied.
Immunohistochemistry
Immunostaining was performed using standard procedures (n = 2 mice). 
